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The Solid Rocket Motors (SRM's) for the Space Shuttle are fabricated 
b y laying up and molding materials, such as insulation, which are joined 
using adhesive s, the adhesives being set a l ong with the ma t erials in a 
final curing process for an entire moto r segment at a time. The 
resulting structure (Fig. 1) has two important properties from the p oint 
of view of inspection: integrity of the adhesive joi nts (bondlines) i s 
of great importance, and the structure cannot be disassembled for 
inspec tion prior to use . Of particular interest are disbonds producing 
small voids (delaminations) at the bondl ines. Specific delaminatio ns c an 
be l ocated in s e rvic e hardware only by using NDE methods. This pape r 
r e p o rts on the a pplic ation o f ther mal met hods f or performing such 
inspections. 
The propellant faces at the ends of each segment are covered with a n 
insulating material referred to as inhibitor. The material properties of 
the i nhibitors are shown to favor thermal signal propagation over s ome 
other NDE inspection modes. A particular c onfiguration o f materials 
whic h occurs in the vicinity of the inhib itor and is conducive to the 
persistence o f surface thermal expressions of buried delaminations is 
identified. The phe nome non leading to the pers i s tence is discusse d, 
modeled, and named proxy heating. Examples of persistent surface 
expressions of buried delaminations are presented and shown to be greatly 
enhanced with a post-processing technioue (the Winfree filter) which is 
introduced elsewhere in these proceediL [1]. 
CHARACTERISTICS OF MATERIALS IN THE BONDLINE VICINITY 
Fo llowing fabricatio n, SRM segments are shipped to the launch site 
f o r assembly Cs tacking) into c omplete motors. Prior t o assembly, the 
segment ends with their coverings of inhibito r are available for 
inspection. The bondlines of concern here are those between the 
inhibitor and the liner and be twee n the l i ne r and the fue l (Fig. 2). 
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Fig 1. Schematic diagram of a Shuttle Solid Rocket Motor showing the 
relation between the structure as a whole and the inhibitor faces 
between segments discussed in the text. 
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Fig 2. Schematic cross section of the inhibitor-to-fuel transition area 
showing the possible locations o f delaminations o f concern. 
While the surface of the inhibitor is usually fairly smooth and even, the 
liner surface is often rough, sometimes int entionally to increase 
adhesion. Also the liner thickness oft en varies substant ially over ~n 
area. The materials are a l l electrically insulating and non-magnetic, so 
electromagnetic techniques become difficult to apply. In addition, the 
fuel is combustible, so high power levels of any inspection technique are 
not desirable. X-ray techniques are used in motor inspection, but the 
materials making up the three constituents are composed largely of carbon 
and lighter atoms while the bondline x-ray angles needed to g e t good 
centrast from delaminations must pass through the steel motor c a s ing . 
This combination of geometry and materials makes x-ray inspection 
difficult. Acoustic techniques are hampered by the hig h a ttenuation of 
the materials, e specially at high freque ncy [2] . The non-parallel 
geometry, due partly to variations in liner thickness, a l so tends t o 
produce artifacts in acoustic scans . On the other hand, the thermal 
properties of the materials (Table 1) are conducive to thermal 
inspection . The thermal propagation scale time through the inhibitor, 
f or example, varies from about 45 seconds for 0.1 inch thickness of 
inhibitor to about 75 minutes for 1 inch thi ckness . The penetration 
depth for surface loss a ttenuation crossove r [3] is 2 .4 cm, or about 1 
inch. The fuel b a cking o f 4 feet provides a scale time of about 100 
days, so that the f uel may be c onsider ed an infinite b acking f or b ondline 
inspections. Because thermal detection times are on the order of . 1 to 
. 4 times the penetration scale time, post-heating inhibito r inspectio n 
time s for b ondline delaminations are likely to be between 10 seconds and 
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Table l. Thermal properties of some Solid Rocket Motor materials. 
Property Units Inhibitor Liner Fuel 
Thermal Conductivity W/M-K 2.69 X 10-1 1.85 x 10-1 3.81 X 10-1 
Heat Capacity J/Kg-K 1.59 X 103 l. 96 X 10 3 1.21 X 103 
Density Kg/m3 1.29 X 103 0.98 X 10 3 l. 76 X 10 3 
Volumetrie Heat Capacity J/m3-K 2.05 X 10 6 1. 93 X 10 6 2.14 X 10 6 
Diffusivity m2/s 1.31 X 10-7 0.96 X 10-7 1. 78 X 10-7 
30 minutes for inhibitor thicknesses from 0.1 to 1 inch. Given that 
thermal inspections cover large areas simultaneously if imaging scanners 
are used, these times fall within the range of practical requirements. 
PROXY HEATING 
From Table 1 and Fig. 2, it may be seen that the geometry near the 
SRM inhibitor consi$tS of a layer of intermediate diffusivity 
(inhibitor), a relatively thin layer of low diffusivity (1iner), and a 
relatively high diffusivity and very thick layer (fuel) . This geometry 
has the potential to simulate two-sided thermal inspection in a one-sided 
inspection, the heat being applied to the same side of the object being 
inspected as is measured by the thermal sensor. The heat injected into 
the front face propagates into the thick backing and, on cessation of 
heat input at the front, returns to the front. Whi1e in the thick 
backing with relatively large diffusivity, the heat has spread out 
laterally, so on returning to the front, acts as though it was applied 
relatively evenly at the back. The backing layer, in resupplying heat 
from behind anomalies in the center-layer bondlines, acts as a proxy for 
direct two-sided heating. Thus, the name proxy heating is suggested. 
Two-sided thermal inspections have been shown effective for aerospace 
structures for at least 20 years [4), so the conversion of a one-sided 
inspection to an effective two-sided inspection is of interest in that it 
permits the experience with two-sided inspections to be app1ied to the 
one-sided case. The experimental signature of proxy heating is a very 
long term persistence of contrast patterns caused by anomalies in either 
the bondlines or in the thickness of the interior layer of low 
diffusivity. At very long times, the contrast reverses its sign, 
indicating the long term dominance of proxy heating over direct heating. 
Model of the Bondline Vicinity Showing Proxy Heating 
In order to demonstrate and examine the action of proxy heating for 
the SRM materials and geometry, a numerical model was constructed to 
simulate the temperature rise as a function of time in a thermal 
inspection of a sample with a disbond between the liner and inhibitor. 
The domain of the model and the associated model disbond are shown in 
Fig. 3. The model used a grid mapping algorithm between the physical 
grid and the computational grid to prevent the results from being 
affected by grid-generated artifacts [James, ~ ~ 1988]. The 
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Fig. 3. Relationship between the two-dimensional model domain used to 
demonstrate proxy heating and the associated inhibitor bondline 
region. The flaw modeled is circular and located between the 
inhibitor and the liner. 
computational grid was square with 31 nodes along each side. The model 
simulated 1/2 inch thickness of inhibitor over 1/8 inch thickness of 
liner over a 6 inch thickness of fuel, with a disbond between the 
inhibitor and the l~ner. The disbondwas a circular disk 1 inch in 
diameter with zero thickness but a finite thermal resistance. The 
inspection protocol was s i mulated by applying a constant heat flux to the 
front face for 20 minutes . The front face was also subjected to cooling 
linearly proportional to its temperat~re rise, a linear approximation to 
convective and radiative cooling. The remaining boundaries were made 
adiabatic. The time period simulated was 2 hours with a uniform heat 
flux applied to the front face for the first 20 minutes, the thermal 
scale time of the surface layer. The temperature rise of the front 
surface was recorded as a function of time to simulate the data 
accessible to radiometric measurement. To limit nurnerical artifacts 
associated with transients, the heat flux was linearly reduced to zero 
over a period of 100 seconds after heating. Also, the temperature rise 
of the back surface was monitored to verify how long it remained 
essentially zero, indicating that the solution was valid for all fuel 
thickness greater than that modeled. 
The results of the model are shown in Fig. 4. Fig. 4a shows the 
temperature contours after a period of 7200 seconds, and Fig. 4b shows 
the evolution of centrast in the image across the front face. The 
centrast reversal is seen to occur at about 4000 seconds, the subsequent 
dominant heat source being the proxy heating from the fuel. At the time 
of 7200 seconds, the centrast reversal is well established, and the 
surface centrast pattern is seen to be concentrated over the flaw rather 
than generally diffused. The back face temperature in this run rose well 
above zero after about 2000 seconds, so it cannot be considered 
representative of very thick fuel layers. The long terrn centrast is thus 
somewhat ·greater than it would be for the actual SRM, but the persistent 
reversed centrast which is the sign of proxy heating is essentially 
correct. 
EXPERIMENTAL RESULTS 
Data were gathered at the facilities of Morton Thiokol, Inc. using 
samples consisting of layers of insulating materials used in SRM's. 
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Fig 4. Model results showing proxy heating appropriate to Solid Rocket 
Motor inspection conditions. a. Tamperature contours at a time 
of 7200 seconds. b. Time evolution of surface temperature 
centrast showing centrast reversal at 4000 seconds. 
These data were all obtained wit h an experimental protocol which is 
easily applicable to many industrial settings, in that it is flexible 
and easily implemented. Heat was applied to the surface of the sample 
using a standard industrial "heat gun", which produces a stream of hot 
air by passing the output from a blower over a set of heating coils. The 
heat was manually directed over the surface to be inspected in a scanning 
pattern while the temperature of the surface was monitared by 
simultaneaus Observation o f the thermal image from a thermal imaging 
system. The scanning was altered as required to prevent "hot spots" from 
forming in the heated area with the objective of obtaining a pattern of 
even heating over the observed surface, the surface areas being from 1 to 
10 square feet. Heat was applied for the nominal thermal penetration 
scale time of the layer being inspected, calculated as the square of the 
layer thickness divided by the diffusivity of the layer material . 
With this technique, the feedback loop consisting of the operator 
ob s erving the thermal image and altering the scan pattern to produce even 
heating results in a uniformity in the surface temperature distribution 
which can be duplicated only with significant effort using preprogrammed 
heating patterns with no feedback. Subsequent to heating, the object 
being inspected was allowed to cool convectively by contact with the 
ambient "room temperature" air. The thermal imager was held stationary 
during cooling, and the images were recorded on magnetic tape using a 
video cassette recorder. The resulting video tape provided the data for 
subsequent image digitization and numerical processing. The tapes can 
al s o become a permanent record of the inspection. 
Narrow e dge -penetrating darnage and Winfree Filter 
A sample of particular interest in SRM inspection was one with a 
delamination below the surface insulating layer (inhibitor) which 
consisted of a l ong, thin, edge-penetrating channel. Such channels are 
of particular concern because they have the potential to lead hot 
combustion products from the burning face of the fuel to the heat 
sensitive outer portians of the structure prematurely resulting in 
catastrophic fa ilure. From an inspection point of view, these 
delaminations have the property that they are edge-penetrating, so if the 
orientation of the local edge is known, a preferred direction is 
established for the inspection geometry. A similar situation was 
previously encountered in the inspection of disbonds under steel skins 
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[6], and a numerical filterwas devised for discriminating the disbond 
signal from edge effects. The same numerical process seemed appropriate 
for examining the edge-penetrating disbond in the inhibitor sample . Fig. 
Sa shows a schematic diagram of the face of the sample as seen in the 
image. Two edge-penetrating disbonds are indicated in the diagram, one, 
at the lower left, between the inhibitor and the liner and the other, at 
the upper right, between the liner and the inert fuel. Fig. Sb shows a 
thermal image obtained by averaging 20 frames of data from the video tape 
recording during the cooling phase and rescaling the image to set the 
entire centrast to full scale. In Fig . Sb, the primary centrast in the 
image is seen to be due to residual heating anomalies, while the lower of 
the two edge-penetrating disbonds is marginally visible as a secondary 
feature. Fig. Sc was produced by applying the Winfree filter to the data 
of Fig. Sb in an edge-parallel direction . Edge-normal variations were 
then filtered with a line-by-line residual calculation. Following these 
steps, the variations associated with the delaminations were larger than 
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Fig. S. Improvement in the detection of e dge-penetrat ing flaws at the 
inhibitor/liner/ fuel b ondlines attainable from numerical 
processing of image data. a. Sc hematic view of image showing 
locations of disbonds and other features. b. 20 frame average of 
raw data displaye d with centrast enhancement to utilize f ull 
range of display. c. Data from b processed with secend 
derivative (Winfre e) filter, e dge-no rmal residual, and threshold 
disc riminator as described in text. 
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the other variations in the image, so they were discriminated with a 
simple threshold to produce Fig. Sc. In this figure, the two 
delaminations are clearly visible, the one closer to the surface being 
slightly clearer than the other one. The remaining features in figure Sc 
are all associated with artifacts, either of the imager presentation or 
of the experimental setup, which would not produce ambiguities in an 
actual inspection. 
EQuidirnensional darnage away from edge 
Another sample was examined with an equidimensional disbond in the 
form of a circle in a central portion of a sample. The circle had an 
area of S square inches and was located below 1/2 inch of castable 
inhibitor, a material with properties nearly identical to those of liner. 
It is shown schematically in Fig . 6a. The image after numerical 
processing is shown in Fig. 6b. In this image, the large C on the left 
side and the thin line at the upper right are the vestiges of the image 
aperture of the pyroelectric imager used to obtain the data. The 
remaining figure in the center of the image is caused primarily by the 
left edge of the intentional flaw. The anisotropy of the filter is 
expected to produce insensitivity to horizontal features in flaws, so the 
top and bottom of the circular flaw shape are not expected to be visible. 
This anisotropy of, sensitivity to equidimensional flaws away from edges 
may be removed with the application of an alternative filter desc r ibed by 
Winfree ~ al [1]. The corresponding backwards C shape representing the 
right hand side of the flaw is visible in the unthresholded image of the 
filtered data, but it is not greater than some other fealures which may 
be either inadvertent sample anomalies or data processing artifacts. In 
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Fig 6. Experime ntal results in equidimensi onal sample. a. Schematic diagram 
showing s ample configuration and imager view. The imager used her e 
has a nearly circular aperture with a change in sensitivity nea r t he 
edges of the c ircle. b. Thermal data following processing wi th 
Winfree filter and application of thresho ld. Remaining variations 
are associated with disbond edges and aperture-edge s ensitivity 
variations . 
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any case, application of the Winfree filter to the sample data raised the 
cantrast associated with the intentional flaw above the competing 
features in the thermal image, this time under 0.5 inches of insulation 
and away from edges. 
CQNCLUSIQNS 
The examples and problems addressed above have shown that thermal 
scans can be used in several ways to increase the effectiveness of 
inspections of solid rocket motors. For each of the ways, the data from 
sequences of two-dimensional thermal scans are used in conjunction with 
numerical techniques in order to realize the potential effectiveness. In 
the case of proxy heating, a numerical model permitted increased 
understanding of an effect which had been observed in thermal scans. In 
the case of the disband detection, it was the use of numerical averaging 
and the application of appropriate numerical spatial filters which 
permitted the features in the thermal image associated with the disband 
tobe discriminated from other sources of thermal contrast. In each 
case, the addition of numerical techniques is necessary to obtain the 
full benefit of the information present in the basic thermal scan data. 
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